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Solid  solutions  of  alkaline  earth  hexaborides  were  synthesized  and  densified  by  spark  plasma  sintering 
at  100  MPa.  The  high-temperature  thermoelectric  properties  (Seebeck  coefficients,  electrical  and 
thermal  diffusivities,  heat  capacities)  were  measured  between  room  temperature  and  1073  K.  CaB6, 
SrB6,  BaB6  and  the  ternary  hexaborides  CaxSri_xB6,  CaxBai_xB6,  SrxBai_xB6  (x  =  0.25,  0.5,  0.75)  are  n- 
type  conducting  compounds  over  the  whole  compositional  and  thermal  ranges.  The  values  of  the  figure 
of  merit  ZT  for  CaB6  (ca.  0.3  at  1073  I<)  were  found  to  be  significantly  increased  compared  to  earlier 
investigations  which  is  attributed  to  the  densification  process. 
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1.  Introduction 

Thermoelectric  materials  are  amongst  the  most  discussed  class 
of  inorganic  solids  regarding  the  use  of  waste  heat  and  energy 
recovery.  By  now,  there  are  only  few  substances  with  promising 
thermoelectric  properties  at  high  temperatures.  Notable  candidates 
are  Sii_xGex  with  a  maximum  ZT  value  of  ca.  0.6  at  about  1150  K  or 
Ybi4MnSbn  with  ca.  1.0  at  about  1250  K,  respectively  [1,2].  In  this 
context  boron-rich  materials  are  very  interesting  for  high-temperature 
thermoelectric  generators  because  of  their  refractory  properties.  Mori 
et  al.  described  excellent  p-n  control  in  high-temperature  thermo¬ 
electric  borides  [3,4].  Boron  carbonitrides  have  been  proposed  as  n- 
type  counterparts  to  boron  carbide  [5-7].  Semiconducting  boron-rich 
compounds  such  as  p- type  boron-carbide  were  discussed  for  thermo¬ 
electric  applications  since  the  1960s  [8-14].  Alkaline  earth  metal 
borides  appear  to  be  possible  n-type  equivalents  with  good  Seebeck 
coefficients.  The  discussion  of  their  electric  properties  has  been 
controversial,  SrB6,  for  example,  being  described  either  as  semi- 
metallic  [15-17]  or  semi-conducting  [18].  Thermoelectric  properties 
of  the  binary  alkaline  earth  hexaborides  were  analyzed  by  Takeda  et  al. 
who  found  high  negative  Seebeck  coefficients  for  CaB6,  SrB6  and  BaB6 
[19-23].  Hexaborides  show  a  cubic  structure  of  three-dimensionally 
connected  B6  octahedra  that  formally  carry  a  negative  charge,  with 
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metal  ions  in  the  holes  and  24-foldly  coordinated  by  boron  atoms 
(cubic  crystal  system,  s.g.  Pm3m)  [18].  We  found  that  alkaline  earth 
metal  (Ca,  Sr,  Ba)  hexaborides  are  fully  miscible  and  form  ternary 
solid  solutions  [24,25  .  We  will  now  report  on  their  synthesis  as 
phase-pure,  crystalline  powders,  their  characterization  and  the  full 
investigation  of  their  high  temperature-thermoelectric  properties 
after  compacting  by  spark  plasma  sintering. 


2.  Experimental 

Calcium  metal  (99.9%  purity,  Smart  Elements),  strontium  metal 
(99.5%,  AlfaAeser,  re-distilled),  barium  metal  (99.3%,  Chempur,  re¬ 
distilled)  and  amorphous  boron  (99.9%  purity,  particle  size:  1  pm, 
Chempur)  were  used  as  starting  materials  for  the  synthesis  of 
binary  and  ternary  alkaline  earth  hexaborides. 

All  of  the  preparations  were  performed  in  a  glove  box  under 
argon  atmosphere,  due  to  air-  and  moisture-sensitivity  of  the 
alkaline  earth  metals.  The  alkaline  earth  metals  (M1  and  M2  =  Ca, 
Sr  or  Ba)  and  amorphous  boron  powder  were  mixed  in  a  ratio  of 
1:6  to  form  hexaborides  of  the  composition  (M^)X(M2)^_XB6  with 
x  =  0,  0.25,  0.5,  0.75  and  1.  A  slight  excess  of  alkaline  earth  metal 
(5-10%)  was  used  and  the  amount  of  the  samples  augmented  to 
approx.  350-500  mg.  The  mixture  was  filled  in  a  pre-boronated 
tantalum  crucible.  The  crucible  was  sealed  by  melting  in  an 
electric  arc.  Samples  were  placed  in  a  high-frequency  induction 
furnace  at  an  argon  pressure  of  300  mbar  and  heated  for  one  hour 
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to  the  melting  temperature  of  the  highest  (referring  to  the 
respective  mixture  of  metals)  melting  alkaline  earth  metal  (for 
example:  840  °C)  and  then  for  two  hours  to  the  boiling  point  of  the 
highest  boiling  alkaline  earth  metal  (for  example  1630  °C)  to 
ensure  products  that  were  as  homogeneous  as  possible.  The 
products  obtained  were  ground,  treated  with  water  and  hydro¬ 
chloric  acid  to  remove  unreacted  alkaline  earth  metal  and  then 
dried  in  vacuum  overnight.  The  hexaborides  were  densified  for 
more  than  one  hour  at  temperatures  between  1673  K  and  2173  K 
at  a  pressure  of  100  MPa  (equivalent  to  7.8  kN  force).  The  compac¬ 
tion  of  the  crystalline  hexaboride  powders  was  performed  with  a 
Dr.  Sinter  LAB  Spark  Plasma  Sintering  model  SPS-211Lx  (Fuji 
Electronic  Industrial  Co.,  Ltd.). 

X-ray  diffraction  patterns  were  collected  on  a  powder-diffraction 
system  STOE  STADI  P.  For  measurements  at  room  temperature 
monochromatized  copper  radiation  was  used  (2=154.060  pm,  Ge 
(111)  monochromator,  transmission  geometry).  Rietveld  refinements 
were  performed  using  the  program  TOPAS  [26]. 

Seebeck  coefficients  and  electrical  resistivities  were  measured 
up  to  1073  K  at  100  mbar  helium  atmosphere  with  a  ZEM-3M8 
system  (Ulvac  Technologies,  Inc.). 

Thermal  diffusivities,  heat  capacities  and  thermal  conductivities 
were  measured  up  to  1073  I<  under  purging  argon  atmosphere  with 
a  LEA  457  Microflash  system  (Netzsch  Geratebau  GmbH). 


3.  Results  and  discussion 

For  the  first  time,  the  full  series  of  solid  solutions  of  calcium, 
strontium,  and  barium  hexaborides  was  synthesized  and  structu¬ 
rally  characterized  by  Rietveld  refinements  based  on  the  structure 
model  from  literature  (Table  1)  [27]. 

X-ray  diffraction  data  (examples  in  Fig.  1)  showed  that  the 
samples  were  mono-phasic  and  exhibited  the  expected  crystal 
structure.  The  lattice  parameters  and  the  positional  parameters  z 
of  the  boron  atoms  were  refined  freely.  In  a  separate  refinement 
cycle  the  occupancies  of  B  and  (/V^+M2)  were  also  refined  freely 
and  shown  not  to  deviate  from  full  occupancy.  The  expected 
mVm2  ratios  were  confirmed  in  another  separate  refinement 
cycle,  too,  and  then  set  to  the  theoretical  values  (values  according 
to  the  ratios  chosen  for  synthesis).  Displacement  parameters  were 
refined  isotropically  and  are  given  in  Supplementary  material. 

The  composition  of  the  binary  and  ternary  alkaline  earth 
hexaborides  CaxSri_xB6,  CaxBai_xB6,  and  SrxBai_xB6  (x  =  0.25, 
0.5,  0.75)  was  analyzed  by  investigating  the  variation  of  the  lattice 
parameters  with  composition.  As  can  be  seen  in  Figs.  2-4  all  of  the 
compounds  follow  Vegard's  law  when  the  lattice  parameter  a  is 
plotted  vs.  the  amount  x  of  the  second  metal.  The  theoretical 
values  of  x  (values  according  to  synthesis)  are  in  perfect  agreement 

Table  1 

Structure  refinement  data  for  alkaline  earth  hexaborides  (M1)x(M2)i_xB6  (M1/ 
M2  =  Ca,  Sr,  Ba). 


®r0.75®a0.25®6 

l  1  1  A  A  A  A  A  .  A 

1  ] 

L  f  T  T  T  TTT  'r 

^r0.5Ba0.5B6 

J —  - 

A  Jl  -  -  A.^  --  ------ 

(  f  t  r  r  v  V  r  J-u 

, 

1  1  1 

Br0.25Ba0.75B6 

L  A  K  K  K  K  aa  A. 

k  w 

r  *  nr  v  m  •r 

_ i _ i _ i _ i _ i _ i _ i _ i _ 

20  30  40  50  60  70  80  90 

201  ° 


Fig.  1.  X-ray  diffraction  patterns  of  SrxBai_xB6  (black:  observed,  red:  calculated, 
blue:  difference  curve). 
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Fig.  2.  Lattice  parameters  vs.  the  amount  of  x  in  the  solid  solutions  CaxSr!_xB6. 


with  the  values  experimentally  determined  by  refinements  of  the 
lattice  parameters.  The  shift  of  the  reflections  is  visualized  in  Fig.  5 
for  one  reflection  in  one  of  the  systems,  SrxBai_xB6  (x  =  0,  0.25, 
0.5,  0.75,  1.0).  The  samples  were  densified  by  spark  plasma 
sintering  and  the  densities  obtained  were  higher  than  95%  of  the 
theoretical  densities. 

Electrical  conductivities  and  Seebeck  coefficients  of  the 
binary  and  ternary  alkaline  earth  hexaborides  are  shown  in 
Figs.  6  and  7.  Compared  to  earlier  literature  on  CaB6,  SrB6,  and 
BaB6  [23],  an  influence  of  densification  at  high  pressures 
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Fig.  3.  Lattice  parameters  vs.  the  amount  of  x  in  the  solid  solutions  CaxBai_xB6. 
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Fig.  4.  Lattice  parameters  vs.  the  amount  of  x  in  the  solid  solutions  SrxBa!_xB6. 
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Fig.  5.  Shift  of  the  (111)  reflection  of  the  alkaline  earth  hexaborides  SrxBai_xB6 
with  x  -  0  (red),  0.25  (orange),  0.5  (green),  0.75  (blue)  and  1.0  (black). 


(100  MPa  vs.  50  MPa)  is  clearly  seen  although  the  resulting 
densities  of  the  samples  cannot  be  compared  directly.  Especially 
for  compounds  in  the  Ca*Bai_xB6  system,  higher  electrical  con¬ 
ductivities  are  observed.  The  absolute  values  of  the  electrical 
conductivity  of  calcium  hexaboride  densified  at  100  MPa  are  found 
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to  be  one  magnitude  higher  than  those  of  samples  that  were 
described  earlier  to  be  densified  at  50  MPa  [19,23].  This  may  result 
from  the  high  densification  pressures,  but  could  also  be  due  to 
defects  or  vacancies  in  the  hexaboride  structure,  which  were  not 
observed  in  this  study.  At  the  same  time  the  Seebeck  coefficients 
are  slightly  lower  than  expected,  but  still  rise  to  highly  negative 
values  at  1073  K,  where  the  maximum  does  not  seem  to  be 
reached  yet.  Based  on  the  synthesis  conditions,  carbon  impurities 
which  could  affect  the  electrical  conductivities  can  be  excluded. 
The  densification  process  might  have  led  to  the  introduction  of 
carbon  impurities  into  the  surface,  but  this  was  not  observed. 

Fig.  8  shows  the  Jonker  plot  for  the  alkaline  earth  hexaborides 
under  investigation.  Seebeck  coefficients  are  plotted  vs.  the  natural 
logarithm  of  the  electrical  conductivities  [28].  The  analysis,  ori¬ 
ginally  developed  for  semi-conducting  ceramics,  is  used  to  esti¬ 
mate  additional  information  on  the  electrical  properties  of 
materials,  for  example,  their  electrical  mobilities.  Fig.  8  illustrates 
the  dependency  between  Seebeck  coefficients  and  electrical  con¬ 
ductivities  (which  are  measured  simultaneously)  at  323  K.  To 
understand  the  electrical  degeneration  the  binary  alkaline  earth 
hexaborides  (x  =  0  and  1 )  have  to  be  compared  to  the  solid 
solutions.  A  perfect  Jonker  plot  exhibits  an  imaginary  line  between 
the  binary  compounds  of  a  substitution  series.  All  of  the  mixed 
ternary  compounds  should  be  adjudged  along  this  line  to  be 
described  as  non-degenerated.  In  this  work  it  is  clearly  seen  that 
most  of  the  mixed  ternary  alkaline  earth  hexaborides  are  located 
below  this  line  in  the  so-called  degenerated  regime.  The  only 
exception  is  Ca0.75Sr0.25B6,  which  is  located  above  the  line  (Fig.  6). 
The  analysis  of  the  Jonker  plot  suggests  that  almost  all  of  the 
hexaborides  exhibit  similar  basic  transport  properties.  Due  to  their 
common  cubic  crystal  structure  which  only  differs  in  the  unit  cell 
volume  and  the  positional  parameter  z  of  the  boron  atoms,  the 
scattering  mechanisms  for  electrons  can  be  assumed  to  be  similar 
for  all  of  the  hexaborides.  Small  amount  of  defects  and  vacancies 
might  influence  the  carrier  concentration  in  the  system  and 
explain  the  different  trends.  The  strongest  effects  seen  for  Cax_ 
Bai_xB6  might  be  attributed  to  lattice  strain  caused  by  the  huge 
difference  in  the  sizes  of  the  cations.  A  future  measurement  of  the 
carrier  concentrations  in  mixed  hexaborides  will  be  essential  to 
further  elucidate  the  transport  properties  and  to  make  sure  that  a 
possible  influence  of  potential  impurities  will  be  identified  if 
present. 

The  values  of  the  specific  heat  (Fig.  9),  thermal  diffusivities 
(Fig.  10)  and  thermal  conductivities  (Fig.  11)  were  determined  up 
to  1073  K.  The  values  of  the  thermal  conductivities  are  comparable 
to  data  that  were  earlier  reported  for  binary  hexaborides  [23]. 
The  high  thermal  conductivity  and  specific  heat  of  calcium 


Fig.  8.  Jonker  plots  for  alkaline  earth  hexaboride  solid  solution  series. 


Fig.  9.  Specific  heats  of  alkaline  earth  hexaborides. 


Temperature  /  K 


Fig.  10.  Thermal  diffusivities  of  alkaline  earth  hexaborides. 
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Fig.  11.  Thermal  conductivities  of  alkaline  earth  hexaborides. 

hexaboride  at  temperatures  between  323  K  and  573  K  are  attrib¬ 
uted  to  the  high  crystallinity  of  this  compound.  All  of  the 
hexaborides  show  thermal  conductivities  between  10  and 
15Wm-1I<-1  except  for  Cao.75Sro.25B6.  This  compound  has  a 
much  lower  thermal  conductivity  in  accordance  with  its  very 
low  electrical  conductivity,  which  suggests  a  very  low  carrier 
concentration.  The  reduction  of  the  thermal  conductivity  by 
introducing  a  second,  bigger  cation  into  a  hexaboride  is  due  to  a 
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changed  electronic  situation  and  different  scattering  mechanisms. 
As  a  consequence,  the  thermal  conductivities  of  the  solid  solutions 
CaxBai_xB6  are  decreased  noticeably  compared  to  pure  CaB6  and 
BaB6. 

ZT  values  are  shown  in  Fig.  12.  The  high  electrical  conductivities 
of  CaB6  result  in  ZT  values  above  0.3  at  high  temperatures, 
equivalent  to  an  enhancement  of  nearly  50%  compared  to  earlier 
investigations  on  samples  that  were  densified  differently  [23]. 
High  ZT  values  are  also  reached  for  the  solid  solutions 
Cao.25Sro.75B6,  Cao.25Bao.75B6,  and  Cao.75Bao.25B6- 

4.  Conclusions 

High-purity  binary  alkaline  earth  hexaborides  and  their  solid 
solutions  were  synthesized  and  characterized  via  X-ray  character¬ 
ization.  For  the  first  time,  structural  data  on  the  ternary  com¬ 
pounds  is  given.  All  of  the  hexaborides  proved  to  be  exceptionally 
stable  at  high  temperatures  during  synthesis,  densification,  and 
several  measurement  cycles,  and  they  showed  n-type  conducting 
behavior.  The  thermoelectric  performance  of  the  compounds  was 
investigated  after  high-pressure  densification  at  100  MPa.  The 
figure  of  merit  of  calcium  hexaboride  was  enhanced  by  about 
50%  compared  to  earlier  work  and  resulted  in  ZT  >  0.3.  Mixed 
hexaborides  like  Cao.25Sro.75B6  and  Ca0.25Ba0.75B6  were  investi¬ 
gated  for  the  first  time  and  showed  ZT  values  at  1073  K  of  0.25 


and  0.2,  respectively.  The  ZT  maximum  of  hexaborides  is  expected 
to  be  reached  at  even  higher  temperatures.  The  rigidity  of  the 
three-dimensional  framework  structure  implies  thermal  expan¬ 
sion  that  is  very  small  for  huge  temperature  ranges.  Thus, 
hexaborides  are  promising  thermoelectric  solids  for  applications 
at  very  high  temperatures:  being  very  stable  and  refractory, 
exhibiting  low  weight,  and  representing  non-toxic  as  well  as 
low-cost  materials.  Further  reduction  of  the  thermal  conductivities 
of  the  hexaborides  by  nanostructurization  is  the  focus  of  our 
current  research. 
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